Background. Human immunodeficiency virus (HIV) care continuum attrition is a major global public health challenge. Few studies have examined this problem in resource-limited settings. We aimed to assess cumulative, current, and historical achievement along China's HIV continuum of care.
Since 1996, antiretroviral therapy (ART) has helped reduce mortality and morbidity rates among persons living with human immunodeficiency virus (PLHIV) [1, 2] and has acted in a "treatment as prevention" capacity at the population level, reducing the risk of transmission via sexual contact and injecting drug use [3] [4] [5] . Despite these benefits, only 37% of PLHIV worldwide had access to ART in 2013 [6] . Thus, in 2014, to encourage meaningful movement toward the end of the human immunodeficiency virus (HIV)/AIDS epidemic, the Joint United Nations Programme on HIV/AIDS (UNAIDS) published the "90-90-90 targets"-that is, 90% of PLHIV diagnosed, 90% of diagnosed PLHIV receiving ART, and 90% of PLHIV receiving ART virally suppressed [7] .
This helped place renewed focus on what has become known as the HIV care continuum-a series of steps on the journey from HIV infection to viral suppression. To reap maximum benefit from ART, at both the individual and population levels, PLHIV must achieve the goal of each step in the continuum [8] [9] [10] . Although a broad range of studies has examined this issue, a preponderance has been conducted in high-income countries (HICs) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , with smaller and more concentrated epidemics, relatively higher testing and treatment coverage, and generally better quality and consistency of care. Nevertheless, a majority of these studies found substantial leakage at multiple steps. The few studies conducted in low-and middle-income countries (LMICs) [21] [22] [23] [24] [25] [26] , describe even greater leakage.
Unfortunately, there is no one-size-fits-all solution to this problem-the unique attributes of the epidemic, health system, and population in each setting must be taken into account to successfully design and implement interventions aimed at ensuring that all PLHIV have their infection diagnosed and treated in a timely fashion and that they experience positive outcomes [9, 10, 15, 27] . To date, no comprehensive assessment of China's HIV care continuum has been undertaken. Therefore, we aimed to investigate the nationwide cumulative, current, and historical achievement of China's continuum of HIV care.
Data
China's laws on the prevention and treatment of infectious diseases designates HIV/AIDS as a class B notifiable infectious disease. Therefore, all medical units are required to report all new diagnoses of HIV infection to China's HIV/AIDS Comprehensive Response Information Management System (CRIMS) within 24 hours. CRIMS was established in 1985 and is a nationwide, real-time reporting system that is controlled and maintained by the National Center for AIDS/STD Control and Prevention, Chinese Center for Disease Control and Prevention [28, 29] . In brief, CRIMS records include demographic information, diagnosis dates, patient-reported transmission routes, baseline and follow-up CD4 cell count dates and results, ART initiation dates, regimens, and follow-up records, including viral load (VL) testing dates and results and dates and causes of death [29] . We used data extracted from CRIMS on 30 June 2016.
Participants
All individuals who received a confirmed diagnosis of HIV infection in China between 1 January 1985 and 31 December 2015 were included. Individuals were then excluded if (1) they were no longer alive as of 31 December 2015, (2) they were not Chinese nationals, or (3) their records contained obvious errors (eg, missing or incorrect dates of diagnosis or ART initiation). Those who had died were excluded to be consistent with the definitions of the UNAIDS 20-20-20 targets, which uses only PLHIV in the denominator [7, 30] , and those who were foreigners were excluded because they are not eligible for treatment in China's National Free ART Program. Participants were grouped according to the steps in the continuum achieved, and for each year that the estimated total number of PLHIV were available (biennially, 2005-2015) [31] , participants were grouped by their achievement of care continuum steps in those years. All participants were included in the analyses. Table 1 describes China's continuum of HIV care in terms of 7 steps and includes definitions of all numerical tabulations (eg, number enrolled) and formulas for all calculations of proportions (eg, proportion receiving ART), showing numerator and denominator. To have achieved a particular step, an individual must have achieved all prior steps and met the criteria described Step Number Definition Proportion Calculation
Continuum
Step Step 7: suppressed Beginning in 2008, annual tabulation of all PLHIV who had achieved viral suppression during the year and were still alive at the end of the year; to be counted as virally suppressed, individuals who had HIV infection diagnosed and were linked, retained, enrolled, and receiving ART must have had a VL test and its result must have been <400 copies/mL Table 2 only. c Shown in Table 2 and Figure 1 . For the adjusted proportion suppressed, 2 adjustments were made to this denominator. The first adjusted denominator was the number receiving ART minus the number with no VL test results available. The second adjusted denominator was the number receiving ART minus the number who had been receiving ART for <6 months. Data not shown.
for that step. For example, to be included in those who achieved step 3 (linked), individuals must have received ≥1 HIV-related service after diagnosis, ever in their lifetime. For the analysis describing changes in the care continuum over time, individuals included as having achieved a particular step had to have met the criteria for that step in that year.
Analysis
First, characteristics of the whole study population (eg, all who achieved step 2: diagnosed) were tabulated. Demographic variables were categorized and presented as number and percentage, using the entire study population as the denominator. Percentages were calculated down the column (column percentage).
Second, all participants who achieved each subsequent step in the care continuum were tabulated and again presented as number and percentage. However, the denominator for this analysis was instead those who achieved step 2 (diagnosed). Percentages were calculated across the rows (row percentage). For each step, the denominator used to calculate the proportion achieving a later step was always those who achieved step 2.
Third, we grouped participants into those who achieved step 2 (diagnosed), step 6 (receiving ART), and step 7 (suppressed) in each of 6 years, 2005, 2007, 2009, 2011, 2013 , and 2015, to examine changes in the HIV care continuum over time and to assess progress toward the 90-90-90 targets [7] . Numbers of participants achieving these steps were represented graphically as bars, and the proportion achieving the step is included above the bar. Proportions achieving step 2 (diagnosed) were calculated using the biennial estimates of the total number of PLHIV in China produced jointly by UNAIDS, World Health Organization, and China's Health and Family Planning Commission [31] . Proportions achieving step 6 (receiving ART) were calculated using the number of participants who achieved step 2 as the denominator. Likewise, the proportions achieving step 7 (suppressed) were calculated using the number of participants who achieved step 6 as the denominator.
Last, because achievement of step 7 (suppressed) is an important metric, as evidenced by its being the "third 90" [7] , and is certainly an underestimation of the effectiveness of ART, we present 2 alternative calculations for 2015 data only, using adjusted denominators. Because even in HIC settings in 2016, time from diagnosis to viral suppression is still at least several months [32] , our calculation of the proportion virally suppressed underestimates ART effectiveness because it includes, for example, those receiving ART only 1 month. In addition, national treatment guidelines in China require patients to have been receiving ART ≥6 months before they are eligible for VL testing. Therefore, for our first adjusted calculation, we have included only those receiving ART ≥6 months in the denominator. Similarly, because VL testing capacity and coverage remain low in China [33] , many receiving ART had not undergone VL testing or had experienced delays in VL testing owing to its unavailability, which also may underestimate ART effectiveness. Therefore, for our second adjusted calculation, we have included in the denominator only those who had VL test results.
Ethics
This study was approved by the Institutional Review Board of the National Center for AIDS/STD Control and Prevention, Chinese Center for Disease Control and Prevention. All individuals signed informed consent at the time of their entry into CRIMS that allowed the future use of their data for epidemiological study. No further informed consent was sought. All data were deidentified before use.
RESULTS
At the end of 2015, HIV infection had been diagnosed in a total of 780 368 patients in China. Among them, 185 429 (23.8%) had died, 21 347 were not Chinese nationals (2.7%), and 63 (<0.1%) had obvious errors in their records. Thus, a total of 573 529 (73.5%) PLHIV were included in our analysis.
Characteristics of Participants
As shown in Table 2 , most participants were 20-39 years old (age 20-29 years, 30.4%; 30-39 years, 29.0%), male (71.6%), Han Chinese (76.0%), married or cohabitating (47.0%), and living in either southwestern (37.0%) or south-central China (33.2%). The most commonly reported route of HIV infection was heterosexual contact (58.1%), followed by homosexual contact (20.0%), injecting drug use (13.4%), and donation or receipt of blood products (5.1%).
Cumulative Performance, 1985-2015
Among all participants (those who achieved step 2: diagnosed), across the entire time frame from 1985 to 2015 combined, 93.6% also achieved step 3 (linked), 87.7% achieved step 4 (retained), 72.5% achieved step 5 (enrolled), 66.8% achieved step 6 (receiving ART), and 43.6% achieved step 7 (suppressed) ( Table 2) . Greatest attrition at step 3 (linked) occurred for adolescents (aged 10-19 years; 89.6%), minorities (92.2%), and those who reported their route of HIV infection as injecting drug use (85.6%). Greatest attrition at step 4 (retained) occurred for minorities (70.4%) and those who reported their route of HIV infection as injecting drug use (66.9%). All demographic groups experienced substantial attrition at step 5 (enrolled). Greatest attrition at this step was observed among adolescents (58.1%), minorities (68.0%), those who were single (63.7%), and reported their route of HIV infection as homosexual contact (72.9%). Greatest attrition at step 6 (receiving ART) occurred among minorities (57.6%) and those living in northwest China (54.6%). Finally, relatively smaller proportions of participants across all demographic groups achieved step 7 (suppressed). Lowest rates of suppression were among adolescents (29.1%), minorities (36.5%), and those who reported injecting drug use (24.4%, Table 2 ).
Biennial Performance, 2005-2015
As shown in Figure 1 , the total estimated number of PLHIV increased each year it was calculated [34] . However, the total number with infection diagnosed increased at a faster rate, such that the proportion with HIV infection diagnosed among all PLHIV increased from 10% in 2005 to 68% in 2015. Similarly, the proportion receiving ART among those with HIV infection diagnosed increased from 30% in 2005 to 67% in 2015. Finally, the proportion virally suppressed among those receiving ART also increased from 34% in 2009 to 65% in 2015.
Because the proportion who achieved viral suppression was almost certainly an underestimate owing to the numbers of PLHIV who did not undergo VL testing, we present 2 adjusted calculations for 2015 only. First, when those who had been receiving ART <6 months (n = 64 412) were removed from the total receiving ART (n = 382 854), the proportion suppressed increased to 78.6% (250 294 of 318 442) in 2015. Second, when those who have been receiving ART ≥6 months but have not yet had a VL test in the calendar year (n = 37 561) were also removed, the proportion suppressed increased to 89.1% (250 294 of 280 881) in 2015.
DISCUSSION
Cumulatively, over the 30-year period from 1985 to 2015, 94% of all PLHIV with infection diagnosed were linked to care, 88% were retained, 73% were enrolled in ART, 67% were receiving ART, and 44% were virally suppressed. Performance of China's continuum of HIV care improved over time, such that by the end of 2015, 68% of those infected had their infection diagnosed, 67% of those with HIV infection diagnosed were receiving ART, and 65% of those receiving ART had achieved viral suppression. Thus, although China can be credited for its substantial recent progress, it has not yet met the UNAIDS 90-90-90 targets [7] .
Leakages observed at multiple steps in China's continuum of HIV cascade may be partly related to changes over time in China's HIV response, policies, and services. The most obvious example is the attrition observed in the pre-ART period (or failure to achieve the "receiving ART" step), which is at least partly due to CD4 cell count ART eligibility requirements. Before 2008, a CD4 cell count <200/μL was required for ART initiation. From 2008 to 2013, this requirement was relaxed to <350/μL, and then to <500/μL until 2015. Finally, in early 2016, the requirement was eliminated-all those with HIV infection, regardless of CD4 cell count, are now eligible for ART [35, 36] . This requirement served not only as a clinical barrier to many PLHIV, but also as a structural barrier, causing both delayed treatment initiation Table 1 for precise definitions of numbers and proportions represented here; for the proportion achieving viral suppression shown in the graph, unadjusted denominators were used.). Abbreviations: ART, antiretroviral therapy; PLHIV, persons living with HIV; VL, viral load. and pre-ART attrition. Streamlined testing and treatment initiation procedures have been examined in China and found to reduce the time from diagnosis to ART, increase the proportion successfully starting ART, and improve mortality rates [37] . We expect that with the removal of this barrier, the proportion of PLHIV with diagnosed infection receiving ART will rise.
Failure to achieve viral suppression is another example. Our finding that only 65% of those receiving ART had achieved viral suppression as of the end of 2015 may be initially viewed as surprising, given the well-accepted high efficacy of antiretroviral drugs even in real-world LMIC settings. However, some individuals included in our "receiving ART" denominator for the calculation of the proportion achieving viral suppression had been receiving ART for <6 months, during which time the full benefit may not yet have been experienced and patients are still ineligible for VL testing, according to national treatment guidelines.
After adjustment for this possibility (including only those receiving ART for ≥6 months in the denominator), the proportion suppressed increased from 65% to 79%. Furthermore, HIV Step 3: Linked
Step 4: Retained
Step 5: Enrolled
Step 6: Receiving ART Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus. a In this column, percentages are calculated down the column, with the total total number of participants in the study (N = 573 529) used as the denominator.
b In these columns, percentages are calculated across the rows, with the value in the "HIV Infection Diagnosed" column used as the denominator for all calculations in that row. The "blood products" category included both those who became infected as donors through unsafe donation and those who became infected through receipt of contaminated blood products.
VL testing has only recently been scaled up in China. As of the end of 2014, a total of 167 laboratories covering all provinces and municipalities were qualified to carry out VL testing [33] . Thus, some of those receiving ART had not undergone VL testing, or had experienced a delay in VL testing, merely because of its unavailability. After adjustment for lack of VL test results, the proportion who achieved viral suppression in 2015 rose to 89%. A recent study in China showed that compared with standard once-annual VL testing, failure to undergo VL testing in the first year after ART initiation was associated with a higher mortality rate, and having 2 VL tests in the first year was associated with a lower mortality rate [38] . Therefore, as VL testing continues to be scaled up, and newer, faster, point-of-care technologies become available, VL testing uptake will increase, and perhaps the proportion achieving viral suppression will also increase. Not surprisingly, leakage was also observed to be uneven across risk groups-adolescents (aged 10-19 years) and persons who inject drugs were most affected in our study. Globally, these groups have been known to struggle with a broad range of barriers all along the HIV care continuum [39, 40] . Clearly, more must be done to ensure that China's most vulnerable are given the assistance they need to achieve positive outcomes.
Despite these shortcomings, and its failure to achieve the UNAIDS 90-90-90 targets as of the end of 2015 [7] , China has nevertheless shown enormous progress. At the end of 2009, only 1 year after the start of VL testing scale-up, China had already attained 26-33-34-that is, 26% of infected had HIV infection diagnosed, 33% of those with infection diagnosed were receiving ART, and 34% receiving ART were virally suppressed. Two years later, at the end of 2011, China had realized 36-44-52. And 4 years after that, as of the end of 2015, China achieved 68-67-65. With <3 years left before the 2020 deadline, China has a lot of work left to do. However, only 1 country has so far declared achievement of the 90-90-90 targets-Sweden, reporting 90-95-95, as of the end of 2015 [20] . Although Japan was not far behind, having reported 86-83-99, also at the end of 2015 [19] , not all HICs are doing so well [12] . So far, there are relatively few reports from LMICs [21] [22] [23] [24] [25] [26] . Although reports from these countries, like the present one from China, show that LMICs are lagging most HICs, comparisons across countries are very difficult to make.
Lack of agreement on the definitions of care continuum steps and criteria for meeting them precludes direct comparison. A range of methods have been used for estimating the total number of PLHIV. Most studies (ours included), but not all, include only the living in the number of PLHIV with HIV infection diagnosed. Linkage and retention have perhaps the least consensus among studies published thus far. Some studies defined the number receiving ART was according to prescriptions written, others (like ours) defined it according to drugs dispensed. The denominator for proportion of those receiving ART was sometimes all PLHIV with HIV infection diagnosed (like ours), but was very often only those eligible. Furthermore, viral suppression has been defined as anywhere from <50 to <1000 copies/mL. Typically, it is defined as <400 copies/mL in China (our study included), consistent with a majority of studies in LMICs, despite the World Health Organization guideline of <1000 copies/mL [27, [41] [42] [43] . A first step toward standardization of measurement was provided in the 2017 UNAIDS report on progress toward the 90-90-90 targets [30] . However, international guidance on a more granular level of detail would better facilitate sharing and application of lessons learned across the globe.
Our study had several limitations. First, its cross-sectional design prevented examination of causality. Second, we had to rely on estimates of the actual number of PLHIV [31] , which lent some uncertainty to our measurement of the proportion of PLHIV with HIV infection diagnosed. Third, data on the route of HIV infection were self-reported, which may have been subject to social desirability or recall bias. Fourth, in our unadjusted analysis we assumed that all those who did not undergo VL testing had not achieved viral suppression, thereby probably misclassifying some individuals and underestimating the proportion who achieved viral suppression. However, we present 2 alternative calculations that attempt to adjust for the lack of VL data. Finally, although several recent studies indicate that the time it takes for individuals to achieve each step is a similarly important measure of continuum effectiveness [17, 21, 27 , 44], we did not examine this outcome in our study. For example, it is possible that a study participant had HIV infection diagnosed in 1995 but was not linked until 1999, and perhaps did not attend a single follow-up visit, and thus was not "retained, " until 2005. Clearly, this rate of movement through the care continuum is not ideal, and should be examined in a future study.
In conclusion, China has made remarkable progress toward the UNAIDS 90-90-90 targets over the past 10 years, having achieved proportions of 68% with HIV infection diagnosed, 67% receiving ART, and 65% virally suppressed, as of the end of 2015. This study should encourage policy makers to continue to support the fight against HIV. Redoubled efforts in prevention, testing mobilization, immediate ART for all those with diagnosed infection, continued scale-up of VL testing, and interventions to improve retention will help China make meaningful progress toward ending the HIV epidemic. , and Z. W. contributed to the design of original data collection and maintenance. All authors contributed to manuscript revisions and approved the final version for publication. The funding organization had no role in the development of study design, collection, analysis, and interpretation of data, the writing of the report, or the final decision to submit the manuscript for publication. The corresponding author had full access to all the data and had final responsibility for the decision to submit for publication.
